[1] Diurnal temperature variability in the top 50 m of the ocean is assessed by pairing Argo temperature profiles with geographically colocated Advanced Microwave Scanning Radiometer for the Earth Observing System (AMSR-E) sea surface temperatures (SSTs) collected within AE24 h of each other. Data pairs with time separations of up to AE3 h are used to evaluate systematic differences between the two data sets. Daytime SSTs are warmer than Argo 5 m temperatures in low-wind conditions, as expected due to diurnal surface warming effects. SSTs also tend to be warmer than Argo 5 m temperatures when columnar water vapor is less than $7 mm. These effects are removed empirically. For Argo data collected within AE24 h of satellite overpass times, temperature differences between Argo and AMSR-E show evidence of a diurnal cycle detectable at 5 m depth and below. The diurnal amplitude decreases with increasing latitude and increasing depth to the base of the mixed layer and is stronger in summer than in winter. At 5 m depth, the amplitude of the summer diurnal cycle ranges from about 0.1 C at the equator to 0.05 C near 60 latitude. At latitudes where the diurnal amplitude exceeds about 0.04 C, maximum temperatures occur at about 16:50 AE0:40 local time, and minimum temperatures occur at about 07:50 AE0:40 local time. Above the base of the mixed layer, the time of the diurnal maximum increases with depth, consistent with downward propagation of the diurnal signal, while the time of the minimum implies an upward propagation. 
Introduction
[2] The diurnal cycle of solar radiative forcing drives changes in virtually every aspect of the climate system, including air-sea fluxes, near surface winds, and sea surface temperature (SST) [e.g., Fairall et al., 1996; Dai and Deser, 1999; Gille et al., 2003; Dai and Trenberth, 2004; Lee and Liu, 2005; Kawai and Wada, 2007; Gentemann et al., 2009] . Diurnal variability matters for climate studies, both because it affects the design of data collection systems, and also because the interactions between multiple diurnally varying variables can have a net impact on the climate system. The objective of this study is to evaluate the character of diurnal variability between 5 and 50 m depth. The analysis makes use of Argo profiling float observations in conjunction with Advanced Microwave Scanning Radiometer for the Earth Observing System (AMSR-E) satellite measurements.
[3] Satellites measure SST at the surface of the ocean. Infrared satellite sensors measure the very surface of the ocean, the "skin", while microwave sensors such as AMSR-E detect "subskin" temperatures corresponding to the top 1 mm of the ocean [Donlon et al., 2002; Donlon and GHRSST-PP Science Team, 2005] . The skin and subskin temperatures undergo diurnal variability associated with daytime solar heating and also experiences a cool-skin effect (due to longwave radiation, sensible heat flux, and latent heat flux) [Stramma et al., 1986; Fairall et al., 1996; Kawai and Wada, 2007] . Regional analyses of satellite measurements indicate that diurnal SST warming can exceed 6 C [Flament et al., 1994; Merchant et al., 2008] , with the magnitude of the diurnal warming depending on both solar insolation and wind speed . The vertical extent of diurnal warming can be limited to the top one or two meters of the ocean in low-wind conditions (<1 or 2 m s À1 ) but can extend deeper when wind speeds are higher [e.g., Gentemann et al., 2009] . Assessing this diurnal variability is an ongoing concern for users of SST products. (See Kawai and Wada [2007] for a thorough review.) The Group for High-Resolution Sea Surface Temperature (GHRSST) Diurnal Variability Working Group has coordinated efforts to develop diurnal cycle corrections for satellite SST so that surface effects can be predicted [Donlon et al., 2007; Gentemann et al., 2009] .
[4] Skin temperatures are not easily measured in situ, and observations of the skin are available only from a few dedicated radiometers [e.g., Minnett, 2003; Barton et al., 2004; Branch et al., 2008; Donlon et al., 2008; . Therefore satellite SSTs have commonly been calibrated or validated using in situ subsurface SSTs, from depths of 1 to 5 m. In the past, these subsurface SSTs were identified as the "bulk" mixed-layer temperature, although since upper ocean temperatures can vary with depth, GHRSST efforts have emphasized the importance of specifying the depth of the observations, for example as T 1m or T 5m [Donlon et al., 2007] . Since diurnal warming can extend well below the skin layer, successful comparisons of surface skin temperatures and in situ observations of T 5m require understanding not only the diurnal warming in the skin layer but also the diurnal variability at the depth of the in situ measurements. The term "foundation" SST is used to refer to a baseline SST, measured either at the coldest time of the night, prior to any diurnal warming, or deep enough within the oceanic mixed layer to be unaffected by diurnal warming [Donlon et al., 2007] . Diurnal warming is typically assumed to be insignificant at depths of about 10 m [Merchant et al., 2008] , or below the base of the diurnal thermocline [e.g., Autret and Piollé, 2007; Iwasaki et al., 2008; Kettle et al., 2009] , which is typically measured to be shallower than 10 m [Soloviev and Lukas, 2006] .
[5] Actual measurements of diurnal variability through the top 50 m of the ocean are geographically limited. Since the 1950s, a number of regional studies have investigated diurnal temperature changes in the ocean mixed layer, including, for example, the Gulf of Mexico [Stommel and Woodcock, 1951] , south of Bermuda ($30 N, 63 W) [Stommel et al., 1969] , northwest of Africa [Halpern and Reed, 1976] , the eastern Pacific ($30 N, 124 W) , and the western tropical Pacific [Soloviev and Lukas, 1997] . Results of these studies generally have agreed in showing that surface temperatures are maximum in midafternoon (around 14:00 local time). The mixed layer deepens through the remainder of the afternoon, so that maximum temperatures are progressively later in the day at deeper depths, up to depths as great of 30 m or more. One-dimensional upper ocean models are able to replicate the downward propagation of temperature maxima seen in observations Webster et al., 1996] . However, the limited geographic range and duration of these observations has left open questions about the latitudinal variations in diurnal temperature variability within the ocean mixed layer and the temporal persistence of diurnal warming events.
[6] This investigation uses SSTs measured by AMSR-E, which represent a fairly narrow window in local time, as a baseline against which to compare subsurface temperature collected by profiling Argo floats. The floats rise to the surface at times that are distributed more or less evenly throughout the 24 h cycle. By comparing the two, we can validate the data sets against each other and also determine the subsurface diurnal cycle for a range of depths throughout the mixed layer and for a latitude range spanning ice-free regions of the ocean (here limited to the region between 60 S and 60 N.) The approach used in this study focuses not on assessing extreme diurnal warming events in the top mm, but rather on characterizing average diurnal warming, as a function of season, latitude, and longitude, and for a range of depths from 5 to 50 m that might sometimes be assumed to undergo little or no diurnal variability. Section 2 discusses the satellite and profiling float data used in this study and the methods used to analyze the data. Section 3 discusses the discrepancies between satellite SST and temperatures from the top of float profiles in order to evaluate the feasibility of using the data sets jointly. Section 4 characterizes the diurnal variability in the top 50 m of the ocean, as detected in the Argo float profiles, and section 5 summarizes the findings. [8] The Aqua satellite flies on a sun synchronous orbit that crosses the equator at 13:30 local time on northward (ascending) passes and at 01:30 on southward (descending) passes. All observations are therefore concentrated within a narrow band of local times centered around the equator crossing time. Sunsynchronous orbits orient the satellite's solar array the same way relative to the sun during every daytime pass, reducing requirements for satellite pointing adjustments and providing consistent measurement times for calibration purposes, but since they measure at only two times of day, they cannot sample the full character of the diurnal cycle.
Data
[9] AMSR-E has proved to be a useful tool for detecting statistically significant day-night temperature differences characteristic of diurnal warming events [Kawai and Wada, 2007; . However, for this analysis AMSR-E daytime and nighttime satellite passes are initially kept separate because subsurface diurnal temperature variability is expected to be of smaller amplitude, and therefore the diurnal signal could be contaminated by residual discrepancies between daytime and nighttime microwave temperature retrievals. One potential cause for concern is the AMSR-E two-point self-calibration system, which uses deep space as a cold reference point, but has a hot reference point that changes unevenly in response to solar heating during the daytime satellite passes. Wentz et al. [2003] used coincident measurements from collocated observations from other satellites to develop a successful system for predicting the temperature of the hot reference. One challenge in this procedure is that the in situ data available for calibration of satellite data have been more concentrated in the tropics rather than the extratropics. Minor errors in the predicted temperature could possibly lead to small biases in the reported daynight temperature differences that might not pose problems in identifying large diurnal warming events but could be problematic for detecting more subtle climatological warming patterns. In addition, determining SST from microwave measurements requires correction for sea surface roughness (due in part to wind) and atmospheric attenuation due to rain, water vapor, clouds, and oxygen [Wentz et al., 2000] . Rain rates, water vapor, and wind all vary on a diurnal timescale, and any residual impacts of these effects could also raise doubts about the absolute fidelity of day-night temperature differences from AMSR-E.
Argo Floats
[10] The Argo float program [Roemmich et al., 2001] , which began in 2000, maintains an array of about 3,000 profiling floats that measure temperature and salinity profiles from middepth to the ocean surface, collecting approximately 100,000 profiles per year at times that are spread uniformly throughout the day. Argo floats are normally programmed to profile once every 10 days. Argo data have been used in combination with AMSR-E SSTs in several recent studies [e.g., Emery et al., 2006; Dong et al., 2007 Dong et al., , 2008 , and a few studies have begun attempting to cross validate the two data types [e.g., Bhaskar et al., 2009] . The shallowest Argo measurements are typically at about 5 m depth, and floats typically report observations with 5 m or 10 m vertical resolution [Roemmich et al., 2004] . Compared with more traditional shipboard CTD observations, Argo float profiles have the advantage of being distributed more or less uniformly around the globe but disadvantages in that the instruments do not sample continuously, and they are not recovered or recalibrated and thus may experience some deterioration in performance over time. For this analysis, individual Argo profiles are used only if they are equatorward of AE60 latitude, because sampling in polar regions is sparse and potentially biased by the presence of sea ice. In addition the analysis is limited to the "delayed mode" Argo profiles that have under gone quality control procedures within the Argo float program. Argo data from depths corresponding to 2.5 to 52.5 dbar are extracted for this study, and data are binned into 5 m depth bins. Thus data from 2.5 to 7.5 dbar are identified as T 5m , data from 7.5 to 12.5 dbar are T 10m , and so forth. Data assigned to the 5 m bin have a mean depth of 4.8 m with a standard deviation of 0.7 m. In total 474,596 Argo profiles are considered, all collected between the launch of AMSR-E and its demise. The analysis was also carried out using all available Argo data (real time and delayed mode), and results did not differ substantially in the top 7.5 m, but the lower-amplitude deeper subsurface signal was less robust when all data were used.
[11] In order to make use of Argo floats to evaluate diurnal variability, the time of the Argo float profile must be known. For some float types this information is not clearly recorded in the Argo data files. Appendix A summarizes the algorithm used here to determine the time when each float arrives at the surface. Float surfacing times have an estimated uncertainty of AE1 h. Errors in surfacing time are assumed to be random, so that they may introduce noise but not a timing bias in this analysis.
Pairing Argo and AMSR-E Observations
[12] Each Argo profile is matched to AMSR-E measurements collected the same day, one day earlier, and one day later. This spans a time window of AE48 h relative to the Argo profile time, but results shown in this paper use only data pairs collected within AE24 h. AMSR-E observations are reported on a 0.25 by 0.25 horizontal grid, while Argo data represent point observations. In order to pair Argo measurements with geographically colocated AMSR-E observations for each AMSR-E overpass, AMSR-E observations were linearly interpolated in space onto Argo profile locations. Data pairs were not used if any of the four AMSR-E observations adjacent to the Argo profile location were missing, as that could indicate rain or land contamination. Figure 1 illustrates schematically how the data matchup works for AMSR-E measurements made one day before, on the same day, and one day after an Argo profile. [13] AMSR-E data are not used if liquid cloud water exceeds 0.18 mm, because high cloud water corresponds to precipitation, and AMSR-E does not provide reliable measurements through precipitation (F. Wentz, personal communication, 2010) . AMSR-E data with wind speeds exceeding 20 m s À1 are also removed. The Argo/AMSR-E matchups result in 377,566 data pairs for daytime (ascending) satellite passes and 415,284 pairs for nighttime (descending) satellite passes. Figure 2 (top) shows the geographic distribution of the Argo/AMSR-E data pairs used in this analysis. Data coverage is better in the Northern Hemisphere than the Southern Hemisphere because April to August AMSR-E daytime passes suffer from sun glint between 10 and 50 S [Reynolds et al., 2007; C. Gentemann, personal communication, 2011] . Figure 2 (bottom) shows the temporal distribution of data pairs; Argo sampling improved rapidly during the first years of the Argo program, so data pairs are concentrated between 2006 and 2010. Few data were available for this study from 2011, because of the time required to complete Argo quality control.
[14] For the O(100,000) pairs of AMSR-E SSTs and Argo 5 m temperatures collected within AE3 h of each other, greater than 99.97% agree within AE4 C and greater than 99.80% agree within AE3 C. However, large temperature differences can occur because of degrading Argo float performance, erroneous AMSR-E retrievals, or large-magnitude diurnal warming events in the ocean surface layer . There are a variety of possible strategies for dealing with Argo/AMSR-E data pairs that differ substantially. One possibility is to hand screen the time series of 5 m temperatures collected by each Argo float against corresponding AMSR-E subskin temperatures. This strategy is effective at identifying malfunctioning floats, but it is time consuming, particularly as the Argo data record expands. A second strategy is to discard all data pairs that differ by more than 4 C, a strategy that will remove extreme outliers but could also remove real differences associated with diurnal warming of the surface layer. A third strategy is to note that outliers represent a small fraction of the overall data set (or to decide that they represent real signals) and to leave all outliers in the data record. In practice there are so few extreme outliers in the data set that results are effectively identical regardless of which approach is used. However, since close examination of data indicates that a few implausibly large outliers exist in the data record, for this analysis Argo data are discarded if they differ from their nearest AMSR-E match by more than 4 C.
Argo Versus AMSR-E: Characterizing Differences
[15] A prerequisite for any detailed analyses of temperature differences between Argo and AMSR-E is to first understand discrepancies between the two data types. For the Southern Ocean, Dong et al. [2006] showed that compared with older infrared SST products, AMSR-E (in their case Remote Sensing Systems, version 4 data) provided a better match to O(2000) available in situ XBT and thermosalinograph observations. They also found that differences between AMSR-E and in situ SSTs showed a statistically significant dependence on both wind speed and atmospheric water vapor. Castro et al. [2008] showed similar dependencies for microwave SST data compared with drifting buoy temperature measurements. Here O(100,000) pairs of AMSR-E SSTs and in situ T 5m are available collected within AE3 h of each other. This makes it possible to carry out global comparisons, with in situ data that are independent of those used by Castro et al. [2008] or Dong et al. [2006] and with improved statistics relative to Dong et al. [2006] .
[16] Overall, AMSR-E and Argo temperatures generally show good agreement. AMSR-E daytime temperatures average 0.129 AE 0.003 C warmer than Argo temperatures, and AMSR-E nighttime temperatures are on average 0.035 AE 0.002 C cooler than Argo temperatures. This is consistent with the presence of daytime warming and nighttime cooling effects in the subskin. Figure 3 shows scatterplots of AMSR-E minus Argo temperature differences versus wind ( Figure 3a ) and columnar water vapor ( Figure 3b ) using daytime (ascending track) satellite data.
[17] Dong et al. [2006] fit linear regression lines to their temperature differences. Here, with many more data points available, spanning a broader range of wind speeds and water vapors, the relationship between these physical parameters is not linear, as Donlon et al. [2002] and Castro et al. [2008] also showed. Instead AMSR-E/Argo temperature differences were bin averaged for a range of physical parameters including not only wind speed, columnar water vapor [Dong et al., 2006; Castro et al., 2008] , and season [Castro et al., 2008] , but also liquid cloud water, latitude, and T 5m . Figure 4 illustrates this dependence for daytime (dotted lines) and nighttime (solid lines).
[18] The largest temperature differences occur at low wind speed ( Figure 4a ). During the day, with no wind AMSR-E temperatures can average more than 1.5 C warmer than Argo temperatures at 5 m depth due to daytime warming in the top 1 to 2 m of the ocean [e.g., Soloviev and Lukas, 1997; Gentemann et al., 2009] . At night, AMSR-E temperatures and Argo T 5m are generally consistent. When winds are stronger than about 5 m s
À1
, there is on average little difference between the AMSR-E SST and T 5m , because wind-induced mixing homogenizes the upper few meters of the ocean. However, a small mean difference remains with AMSR-E slightly warmer than T 5m in daytime and slightly cooler at night. For winds exceeding 5 m s À1 , the difference between the daytime and nighttime differences averages 0.08 AE 0.02 C, implying that day-night differences in AMSR-E exceed day-night differences in T 5m by about 0.08 C.
[19] Because the low-wind speed effect can influence other temperature differences, an empirical wind-speed adjustment is established, using the bin-averaged, windspeed-dependent temperature differences in Figure 4a as additive adjustments for AMSR-E temperatures in low-wind conditions. The ultimate goal of this adjustment is to remove the effects of near-surface physical processes from the AMSR-E SSTs so that the AMSR-E SSTs can be used as stable reference temperatures against which to compare temperature variations measured by Argo profiles. For the purposes of Figures 4b-4f , the empirical adjustment is corrected to preserve the 0.08 C day-night difference in AMSR-E SST minus T 5m . An alternative strategy would be to discard all Argo/AMSR-E temperature pairs for wind speeds less than 5 m s À1 ; such an approach would make it easier to be sure of eliminating discrepancies in low-wind conditions but would make it hard to obtain a globally and temporally averaged assessment of diurnal variability under all conditions.
[20] After wind, the next largest factor accounting for temperature differences is associated with columnar water vapor, as Dong et al. [2006] and Castro et al. [2008] also found. Results in Figure 4b show that both during night and day, AMSR-E retrievals are warmer than Argo temperatures Figure 4 . AMSR-E minus Argo temperatures bin averaged on the basis of (a) wind speed, (b) columnar water vapor, (c) liquid cloud water, (d) latitude, (e) T 5m from Argo, and (f) month (here adjusted so that month 1 is January for the Northern Hemisphere and July for the Southern Hemisphere). For Figures 4b-4f, temperature differences have been corrected to remove the mean wind-speed-related differences, as discussed in the text. For Figures 4c-4f temperature differences have been adjusted to correct for the mean differences due to columnar water vapor, again while retaining the mean daytime/nighttime difference. Error bars are twice the standard error for each bin. Dotted lines indicate daytime (ascending) AMSR-E observations, and solid lines indicate nighttime (descending) observations. A total of 47,907 daytime and 50,602 nighttime AMSR-E/Argo data pairs were used, selected because they were collected within AE3 h of each other equatorward of 60 latitude, with delayed mode Argo data from 2.5 to 7.5 dbar.
when columnar water vapor is below about 7 mm, typical of high latitude regions only. This could represent a residual uncorrected atmospheric effect that biases the AMSR-E SSTs by as much as 0.25 C for very low water vapor concentrations. Columnar water vapor is normally lowest in cold conditions, so the discrepancy shown in Figure 4b for low water vapor conditions is expected to have its biggest impact in high-latitude and cold-water conditions. For this study, the low water vapor effect is corrected empirically, much like the low-wind effect, by establishing an additive empirical adjustment based on the bin-averaged mean temperature differences shown in Figure 4b . In total, wind effects account for about 3.9% of the total mean-squared temperature difference, h T AMSRÀE À T 5m ð Þ 2 i, and wind plus water vapor explains 4.6% of h T AMSRÀE À T 5m ð Þ 2 i: An alternate strategy to eliminate the low water vapor effect would be to exclude all Argo/AMSR-E data pairs with columnar water vapor less than 10 mm (corresponding to the range over which a strong dependence is observed.) This was also tested and led to similar final results.
[21] The large number of Argo/AMSR-E data pairs available for this study and the extensive array of data collected by the AMSR-E instrument, make it possible to extend the comparisons of Dong et al. [2006] and Castro et al. [2008] to examine other possible causes for discrepancies between microwave and in situ temperature. Given the impact of columnar water vapor, atmospheric water associated with clouds could also be suspected as a source of bias. Indeed, Figure 4c shows that particularly when liquid cloud water is high, AMSR-E retrievals tend to be cold compared with Argo. Although AMSR-E data are omitted when precipitation might bias temperature retrievals, the comparisons in Figure 4c imply that even in conditions where precipitation is not thought to occur, residual, uncorrected atmospheric effects may bias AMSR-E SSTs relative to Argo 5 m temperatures by as much as 0.1 C. Added onto the wind plus water vapor effect, liquid cloud water explains an additional 0.5% of the variance in h T AMSRÀE À T 5m ð Þ 2 i.
[22] Finally satellite temperature retrievals could depend on a variety of other processes that might influence temperature retrievals, including latitude (e.g., since viewing angles can be latitude dependent), surface temperature, or season (e.g., because sun glint angles change seasonally). Results of this analysis show that once adjustments are applied for low wind speed and low water vapor conditions, the AMSR-E/ Argo temperature differences do not show strong dependence on either latitude (Figure 4d ) or T 5m (Figure 4e ). Some seasonal dependence does remain, with temperature differences more pronounced in winter months than in summer months (Figure 4f ). The cold-season temperature difference is most pronounced for nighttime measurements (solid lines), though daytime measurements also show similar offsets. While it is possible that the wintertime discrepancies result from seasonal changes in stratification in the top few hundred meters of the ocean, we might have predicted strong winter winds to reduce background stratification leading to lower overall differences in winter. Thus there is a possibility that satellite SST retrieval issues could be responsible for the seasonal differences in AMSR-E and Argo temperatures. The combination of latitude, ocean temperature, and season would explain an additional 0.9% of the variance in h T AMSRÀE À T 5m ð Þ 2 i beyond the 4.6% of variance explained by wind, columnar water vapor, and 0.5% explained by liquid cloud water. However, adjustments for liquid cloud water, latitude, ocean temperature, and season are not applied here because the effects are comparatively small, underlying mechanisms are not well understood, and uncertainties large.
[23] The geographic distribution of AMSR-E minus Argo temperature differences in Figure 5 shows a strong zonal gradient at the equator. This pattern differs from the spatial structure of the wind, columnar water vapor, or liquid cloud water (not shown), but is roughly characteristic of the spatial pattern of air-sea latent heat flux [Yu and Weller, 2007; Yu et al., 2008] , and that suggests that AMSR-E/Argo differences could be linked to latent heat exchange, through one of several mechanisms. One might imagine for example that latent heat fluxes could influence the water vapor content in the atmospheric boundary layer and therefore bias AMSR-E SST retrievals. A more likely scenario is that through the cool-skin effect, latent heat exchange may simply change the temperature measured by AMSR-E relative to the 5 m temperature measured by Argo floats, particularly at low wind speeds [e.g., Fairall et al., 1996; Wick et al., 2005] . The spatial pattern may also be related to cross talk between different physical processes: microwave SST corrections computed simultaneously for wind and water vapor show a similar structure [Castro et al., 2008] . Other oceanic processes also show similar patterns, and further independent observations would be needed to determine whether the geographic pattern in the AMSR-E/Argo temperature difference represents a retrieval bias in AMSR-E or a physical difference between the near skin temperature and the 5 m temperature.
Evaluating Diurnal Temperature Variability

Diurnal Variability at 5 m
[24] To evaluate diurnal variability at 5 m depth, the time window used for examining AMSR-E and Argo temperature pairs was extended from AE3 h to AE1 day. Figure 6 shows temperature differences between Argo T 5m and AMSR-E SST, plotted as a function of the time difference between the two measurements for three different latitude bands, ranging from the equator to the Southern Ocean. One standard error uncertainties are indicated. Because AMSR-E measurements are nearly fixed in time at 13:30 (red) and 01:30 (blue), the time difference is determined largely by the time of day when the Argo float rises to the surface. In principle, if the wind-speed-and water-vapor-corrected AMSR-E SSTs matched the Argo 5 m temperatures exactly, then the temperature difference at zero time separation would be zero.
[25] The temperature differences in Figures 6a-6c show a roughly sinusoidal pattern of variability, consistent with the presence of a diurnal cycle in the 5 m temperatures measured by Argo. The diurnal patterns were fitted both with a single harmonic (24 h) sinusoidal pattern (dashed lines in Figure 6 ) and also with a two-harmonic (24 and 12 h) pair of sinusoids (dotted lines). Although this analysis is carried out for time lags of AE1 days, within statistical uncertainties results are equivalent if time lags of AE0.5 or AE2 days are used; narrower time windows do produce larger statistical uncertainties, since fewer data are available. The diurnal cycle is most evident at low latitudes (e.g., Figure 6a) , and decreases at higher latitudes, although even between 55 S and 60 S (Figure 6c ) there is still a detectable pattern of diurnal variability. Argo T 5m differences relative to daytime AMSR-E measurements (red curves) indicate that T 5m is warmest about 3-5 h after the AMSR-E daytime overpass. Argo T 5m differences relative to nighttime AMSR-E measurements (blue curves) show that T 5m is coldest about 5-7 h after the AMSR-E nighttime overpass.
[26] The slight differences at zero lag between the daytime (red) and nighttime (blue) temperature differences represent differences in the amplitude of the diurnal cycle in the subskin layer and at 5 m. These are in agreement with expected responses due to diurnal surface warming [e.g., , indicating that AMSR-E SSTs tend to be warmer than Argo temperatures during the day and cooler at night. As explained in section 3, AMSR-E SSTs and T 5m can differ substantially when winds are less than 5 m s À1 or columnar water vapor less than about 7-10 mm, and for these plots the AMSR-E SSTs have been adjusted so that at zero lag their relationship to T 5m is typical of wind speeds greater than 5 m s À1 and columnar water vapor greater than 10 mm. With this empirical adjustment, between 60 S and 60 N, the diurnal cycle in the subskin temperature detected by AMSR-E averages about 0.04 AE 0.04 C more than the T 5m diurnal cycle measured by Argo (based on summertime diurnal cycle estimates from both hemispheres). The implication is that for wind speeds greater than 5 m s À1 , the average diurnal cycle at 5 m depth is nearly as large as the diurnal cycle in AMSR-E SSTs (but the diurnal cycle at 5 m depth remains small compared with the 1 C or larger diurnal cycles in AMSR-E SSTs that can occur for winds less than 5 m s À1 .) [27] Figure 7 shows the parameters that characterize the diurnal cycles as a function of latitude, with Northern Hemisphere summer (April to September) results on the left Figure 5 . AMSR-E minus Argo temperatures bin averaged geographically, here corrected as in Figures 4c-4f to remove differences attributable to wind speed and columnar water vapor as discussed in the text. Gray bins indicate places where temperature differences are not statistically different from zero. Note that to facilitate comparison, the mean 0.08 C offset between daytime and nighttime temperature differences has been suppressed by adding 0.08 C to the nighttime (descending track) data in Figure 5a .
( Figures 7a, 7c , and 7e) and Northern Hemisphere winter (October to March) results on the right (Figures 7b, 7d , and 7f). Temperature differences relative to nighttime satellite passes (blue lines) are consistent within errors with temperature differences relative to daytime satellite passes (red lines).
[28] Figures 7a and 7b show amplitudes to be between 0.02 C and 0.1 C. Here amplitudes are determined as half the difference between the daily maximum and daily minimum, as determined from the least squares fit of a diurnal and semidiurnal curve to the observations. (Plotted amplitudes are roughly equivalent to amplitudes that would be obtained by fitting only a 24 h diurnal cycle.) Largest amplitudes occur near the equator, as we would expect on the basis of previous satellite analyses of the time mean daynight temperature differences in the subskin or skin layers Stuart-Menteth et al., 2003] . The amplitudes at 5 m depth found here are an order of magnitude smaller than the O(1 C) diurnal cycle found in TMI subskin SSTs for low-wind and high solar insolation conditions . In contrast, at lower levels of solar insolation and higher wind speeds that might be particularly typical of high latitudes, Gentemann et al.
[2003] found little evidence for a repeated time-averaged diurnal cycle in TMI's subskin SST, while these results suggest that at 5 m depth a diurnal temperature cycle is detectable in time-averaged summer data. As noted above, data used here were collected under all wind conditions, with an adjustment applied to account for the diurnal warm layer effects in AMSR-E SSTs in low-wind conditions. The results in Figure 7 do not differ within statistical uncertainty from results using only SST data within wind speeds between 5 and 10 m s À1 (not shown). [29] Figures 7c and 7d show the local time of day of maximum temperature, as determined from the peaks in the two harmonic least squares fit to the observations. Timing uncertainties are determined through a Monte Carlo process, using S to 25 S, and (c) 60 S to 55 S. Daytime (ascending) pass results are plotted in red; nighttime (descending) pass results are in blue. Data are binned in 1.2 h increments, and binned data are used to least squares fit a sinusoidal diurnal cycle (dashed lines) and a diurnal plus semidiurnal cycle (dotted lines). Uncertainties for each 1.2 h bin represent one standard error instead of two standard errors in order to avoid obscuring the lines at high latitude. Temperature differences are corrected for discrepancies at low wind speed and low water vapor using the procedure discussed in the text. Offsets for zero lag are adjusted to match offsets that would be obtained if low wind speed data and low water vapor data were eliminated. the statistical uncertainties determined from the least squares fitting procedure. Uncertainties are large when the amplitude of the diurnal cycle is not statistically different from zero, in winter months at latitudes poleward of about 30
. In summer time and year-round in the tropics, the diurnal cycle is well defined. Equatorward of 30 latitude, the local time of maximum temperature is consistently around 16:50 AE0:40 local time, representing about a 4.3 h difference between Argo and AMSR-E daytime passes, t Argo À t AMSRÀE,day . The local time of minimum (Figures 7e and 7f) implies that the coldest temperatures occur around 07:50 AE0:40, almost 2 h after mean sunrise (06:00). This timing does not vary substantially as a function of latitude in the tropics or in the summer hemisphere (from about 20 S to 50 N in Figures 7c and 7e and from about 50 S to 20 N in Figures 7d and 7f) . Correspondingly, Gentemann et al. [2003] found that SST skin temperatures are also not purely sinusoidal, with a minimum just after sunrise (around 07:00), a maximum in midafternoon (around 15:00), cooling in the evening until about 23:00 and then relatively constant temperature through the night.
Geographic Variations in Diurnal Variability
[30] The T 5m diurnal cycle has the potential to vary zonally and between ocean basins, in addition to varying with latitude. Therefore, the least squares fit for the diurnal cycle was also carried out for 10 longitude by 10 latitude geographic bins, as shown in Figure 8 . For this analysis, for each hemisphere, only summertime data have been considered. (Thus there is a discontinuity in the data at the equator.) Because results based on daytime and nighttime satellite passes are generally in agreement within uncertainties, a weighted average of the daytime and nighttime results is shown in order to minimize statistical uncertainties. Since times are not meaningful when amplitude is zero, bins with amplitudes that are not statistically different from zero at the two-s level are left white in Figures 8a-8c . Cross-hatching provides a measure of uncertainty as explained in the Figure 8 caption.
[31] Amplitude at 5 m depth is relatively consistent over the global ocean (Figure 8a ), though diurnal cycle amplitudes tend to be stronger near coastlines. The larger amplitudes in coastal regions would be expected if the diurnal variability were confined to a shallow range of depths in these areas instead of being spread through a deep mixed layer and into the water below the mixed layer. There are a number of processes that could be expected to restrict the depth of the diurnal cycle. For example, mean wind speeds can be low near large orographic features [e.g., Gille et al., 2003] , and this leads to a large, surface-intensified diurnal warm layer [Merchant et al., 2008] but a shallow mixed layer. In addition, high turbidity that is commonly seen in coastal waters reduces the penetration of solar energy into the water column [Shi and Wang, 2010] . In the western Atlantic, diurnal variability with an amplitude exceeding 0.15 C extends from 50 S to 50 N and stretches too far offshore to be easily explained as a result of near-shore winds or turbidity. The presence of this strong diurnal signal only in the Atlantic Ocean might be hypothesized to reflect regional differences in the performance of the floats deployed in the Atlantic compared with the Pacific, since different countries have taken responsibility for deploying floats in the different basins, and the engineering design of the floats differs somewhat (see Appendix A). However, in regions with sufficient float coverage, statistics do not differ substantially for APEX and SOLO floats, the two predominant types in the Argo array (not shown). Thus the stronger diurnal cycles at 5 m depth in the Atlantic compared with the Pacific and Indian oceans seem more likely to result from basin-scale differences in mixed-layer depth [de Boyer Montégut et al., 2004] (and correspondingly background stratification below the base of the mixed layer) or possibly to differences in surface gravity wave climatology [Fan et al., 2012] . Figure 8b and 8c, single cross-hatching indicates phase uncertainties greater than 1.5 h and double cross-hatching indicates phase uncertainties greater than 3 h. In all panels summer is defined as October to March in the Southern Hemisphere and April to September in the Northern Hemisphere. Amplitudes, maxima, and minima are computed from smoothed curves that are determined as in Figure 7 using half the difference between minimum and maximum temperatures. Data from daytime and nighttime satellite passes are combined. Times are cross-hatched when the corresponding amplitude is less than the 2s uncertainty or if the time uncertainty is >1.5 h. They are double cross-hatched if the time uncertainty exceeds AE3 h.
[32] The times of the diurnal maximum of T 5m (Figure 8b ) and of the diurnal minimum (Figure 8c ) are relatively consistent throughout the eastern Pacific basin and the eastern Indian Ocean, with maxima between about 15:00 and 17:00 local time and minima between 05:00 and 09:00. In the western parts of the Atlantic, Pacific, and Indian oceans, diurnal maxima are sometimes slightly later than in the eastern parts of the same basins, and they also have greater uncertainties, indicated by cross-hatched regions. In each ocean basin, mixed layers tend to be shallower in the west than in the east [e.g., de Boyer Montégut et al., 2004] . This could explain the later timing of the diurnal peaks, if diurnal signals at the surface take longer to propagate to 5 m depth in a high-stratification, shallow mixed-layer environment than in a low-stratification, deep mixed-layer environment.
Depth Variations in the Diurnal Temperature Field
[33] While the diurnal temperature cycle is significant at the ocean surface, it is detectable deeper in the water column as well. The analysis carried out for 5 m temperatures was extended downward in 5 m bins using Argo profiles for the upper 50 m of the water column. Figure 9a shows the amplitude of the diurnal cycle as a function of depth and latitude for the top 50 m of the ocean, and the black line indicates the zonally averaged mean mixed-layer depth [de Boyer Montégut et al., 2004] for the 6 month summer period used for this analysis. In analogy with the geographic bins in section 4.2, plotted values represent summertime data from both hemispheres, and displayed values represent weighted averages results from daytime and nighttime AMSR-E data. Figure 9a uses a different amplitude color scale than Figure 8a in order to better highlight variability, but phase color coding and cross hatching are the same for Figures 8b, 8c, 9b , and 9c.
[34] Above the base of the mixed layer, Figure 9a shows that the diurnal cycle is statistically significant to greater depth in the tropics than at higher latitudes: between 25 S and 25 N at 10 m the diurnal cycle is significant at the 2s level (greater than 95% confidence) in 8 of 10 bins. In contrast in both hemispheres, at 10 and 15 m between 50 and 60 latitude, diurnal cycles are not usually significant at the 2s level. Low statistical significance does not mean that the high-latitude ocean undergoes no diurnal cycle, but rather suggests that the diurnal cycle is small enough that it is difficult to distinguish from noise.
[35] Below the base of the mixed layer, diurnal amplitudes can be higher than they are at the surface, in places exceeding 0.4 C. This diurnal effect is particularly noticeable between 30 and 45 N, where the summertime climatological mixed layer is particularly shallow. Deep diurnal cycles below the base of the mixed layer occur over a broad range of longitudes and are present in both the SOLO and APEX data sets (not shown) so they do not appear to be an artifact of a single region or float type. Instead because temperatures differ markedly between the mixed layer and the thermocline below, diurnal variations in mixed-layer depth are hypothesized to lead to large amplitude diurnal temperature changes at fixed depths below the climatological mean mixed-layer depth. This hypothesis is supported by preliminary results from a one-dimensional mixed-layer model, indicating high diurnal amplitudes at the base of the nighttime (i.e., maximum) mixed layer (P. Marchesiello, personal communication, 2012) .
[36] Below the base of the climatological maximum diurnal mixed layer, the amplitude can appear large but it is typically not statistically significant much below 50 m (not shown). This is consistent with temperatures in this depth range being highly variable over a broad range of frequencies (not just diurnal), because of spatial and temporal differences both in mixed-layer depth and in stratification below the base of the mixed layer.
[37] The timing of the diurnal cycle also changes with depth. Figure 9b shows the local time of maximum temperature and Figure 9c indicates the local time of minimum temperature, as a function of depth and latitude. As previously, maxima are identified from the least squares fitted diurnal plus semidiurnal curves. The results show that above the base of the mixed layer, the time of maximum temperature increases with depth, while the time of the minimum tends to decrease with depth. Oscillatory patterns in the vertical stem from the fact that at some latitudes roughly half of the Argo floats sample at 10 m intervals in the vertical, and thus the data coverage varies substantially as a function of depth.
[38] In order to characterize the mean vertical structure of the diurnal cycle, normalized profiles were created. Figure 9a suggests that the diurnal cycle is strongest at the surface in the tropics, and it attenuates with depth. The mean attenuation with depth was estimated by normalizing amplitudes by the 5 m amplitude and then computing an uncertainty-weighted average for the 5 latitude bins equatorward of 30 latitude. The resulting normalized amplitude of the diurnal cycle (Figure 10a ) decreases 32% from 5 to 10 m and an additional 7% from 10 to 15 m and a further 5% between 15 and 20 m. Results indicate that the vertical attenuation is statistically significant. On the basis of three days of data from a single mooring near the coast northwest of Africa, Halpern and Reed [1976] suggested that the diurnal amplitude decayed exponentially with depth, consistent with vertical diffusion of surface heat within the upper 10-15 m of the ocean. The results from this global analysis generally support their interpretation, at least between 5 and 20 m depth, though Halpern and Reed [1976] inferred a 65% to 85% attenuation over the top 10 m, substantially greater than suggested by the 5-20 m global, multiyear averaged records in Figure 10 . Modeling studies have shown that a number of factors including wind speed and precipitation can influence the diurnal cycle in temperatures in the top 30 m of the ocean [Webster et al., 1996] , and the combination of factors that operate globally is likely to lead to substantial temporal and geographic variations in phasing, so it would be very surprising if the global composites matched the single-day observations of Halpern and Reed [1976] .
[39] On average, relative to 5 m depth, the times of maximum temperature at 10 m depth are delayed about 56 AE 18 min and at 15 m by 157 AE 25 min (Figure 10b ). Between 5 and 20 m depth, the downward propagation of the maximum diurnal signal is consistent with findings from more geographically limited studies [e.g., Stommel and Woodcock, 1951; Stommel et al., 1969; Halpern and Reed, 1976; Price et al., 1986; Soloviev and Lukas, 1997] : warmest temperature occur later in the evening at deeper depths. On average the diurnal minimum (dotted line in Figure 10b ) is about the same time at 10 m as at 5 m depth, and at deeper levels it occurs progressively earlier, with a time difference of 108 AE 26 min at 15 m and 142 AE 30 min at 20 m. This potentially implies an upward propagation of the minimum. Below the base of the mixed layer, the timing of the maximum no longer follows a consistent pattern. This implies that diurnal variability below the base of the mixed-layer is driven by a different mechanism than diurnal variability within the mixed layer. While surface forcing controls diurnal variability at the top of the mixed layer, diurnal variations in mixed-layer depth are likely to be the dominant source of diurnal temperature variability at the base of the mixed layer.
Summary and Conclusions
[40] This study has used a combination of AMSR-E SST measurements and Argo near surface temperature measurements to assess diurnal variability between 5 and 50 m depth. The combination of data types offers several novel advances over previous studies. Because of the geographic extent of the Argo and AMSR-E data sets, the approach used here allows consideration of the global ice-free ocean.
[41] Comparisons of Argo T 5m and AMSR-E SST measurements collected within AE3 h of each other indicate that the (close in time) measurements generally agree fairly well when wind speeds exceed 5-6 m s À1 and when columnar water vapor exceeds 10 mm. Differences between AMSR-E SSTs and T 5m within AE3 h that are associated with low wind speeds are consistent with the presence of a shallow diurnal warm layer affecting the AMSR-E data. Differences are also seen in low water vapor conditions, as Dong et al. [2006] found. Less significant differences also appear as a function of liquid cloud water and season, and also could be due either to AMSR-E calibration issues or to skin effects. Surface temperature and latitude have less clear patterns but could result in small differences of O(0.1 C) in some conditions. For this analysis an empirical adjustment was applied for wind speed and columnar water vapor effects in order to remove the effects of surface processes that produce large differences between AMRS-E and Argo temperatures. The AMSR-E/ Argo data pairs were then analyzed in further detail.
[42] AMSR-E measurements are collected at the satellite overpass times around 01:30 and 13:30 local time, so for this analysis, AMSR-E observations are used as a baseline against which to assess variability determined from Argo float profiles. Differences between Argo and AMSR-E indicate that ocean temperatures at 5 m depth and often extending downward through the mixed layer undergo a diurnal cycle that is detectable over the entire latitude range studied, from 60 S to 60 N in summertime and year-round within the tropics. A diurnal and semidiurnal cycle were least squares fitted to the observed AMSR-E/Argo temperature differences. The fitted curves capture the leading-order structure of the diurnal variability, and were used to determine amplitude and timing of the maxima and minima in the summertime diurnal cycle. Results show that in the top 15 to 20 m of the ocean, the diurnal cycle attenuates with increasing latitude and with increasing depth, consistent with previous observations from 3 days at a single mooring [Halpern and Reed, 1976] . At 5 m, temperatures reach their maxima on average about 16:50 and their minimum around 07:50. Thus the duration of daytime warming is shorter than the duration of nighttime cooling. Timing of the diurnal cycle changes with depth, indicating that diurnal maximum progressively propagates downward through the water column as previous limited observations had suggested [e.g., Stommel and Woodcock, 1951; Stommel et al., 1969; Price et al., 1986] , while the diurnal minimum occurs earlier at greater depths.
[43] The results of this study show that in an averaged sense a modest but statistically significant diurnal warming occurs in the top 5 to 50 m of the ocean. Diurnal warming at 5 to 15 m depth is comparatively small relative to diurnal warming of the skin layer, but in summer it occurs in all latitude bands considered in this study and is detectable both for winds less than 5 m s À1 and for winds between 5 and 10 m s À1 (not shown). The diurnal signal is weak at depths corresponding to the climatological mean base of the mixed layer. Just below the mixed layer, the amplitude of the diurnal cycle can be larger than the diurnal cycle at 5 m depth. These results illustrate clearly that in situ temperatures from 5 to at least 50 m depth can undergo diurnal variability and therefore cannot simply be used as a proxy for the foundation temperature, since the foundation temperature is defined to be free of a diurnal cycle. In 5-10 m s À1 wind conditions, the diurnal variability at 5 m depth can be nearly as large as the skin or subskin diurnal variability determined from day-night AMSR-E SST differences (though in low-wind conditions AMSR-E data indicate large subskin diurnal temperature variability). As the Argo database expands, and if more accurate Argo profile times can be made available, in conjunction with future microwave SST measurements, then it may be possible to further refine this estimate of diurnal variability in the 5 to 50 m depth range.
Appendix A: Identifying Argo Float Surfacing Times [44] This analysis considers six different types of Argo floats: PALACE (Profiling Autonomous Lagrangian Circulation Explorer), APEX (Autonomous Profiling Explorer), Provor, SOLO (Sounding Oceanographic Lagrangian Observer), NEMO (Navigating European Marine Observer), and NINJA (New Profiling Float of Japan). Each records timing information slightly differently, and different national programs have made their own minor adjustments to the float software controls. Ollitrault and Rannou [2012] have initiated an effort for some types of Argo floats to identify better float surfacing times from the original raw ARGOS transmission information [see also Ollitrault and Rannou, 2010] . The approach described here outlines what can be done when raw ARGOS data cannot be obtained. Each Argo profile is assigned a profile time (identified as JULD in the profile data files), which correctly indicates the date when the profile was made, but depending on the float type, may not provide a precise determination of the exact time when the float reached the ocean surface. The timing of these floats has been explored in some detail in order to identify surface and subsurface velocity trajectories [e.g., Park et al., 2005; Lebedev et al., 2007; Xie and Zhu, 2008] . Here, in order to determine float times as accurately as possible, information from the three data files for each float (metadata, trajectory, and profile data) were checked, and the following guidelines were adopted to determine the time of day of each profile.
[45] Floats with iridium antennas. Newer floats that use the Iridium satellite system, are able to begin transmitting the data as soon as they reach the ocean surface. For these floats, the float profile time (JULD) is used.
[46] APEX floats with ARGOS antennas. APEX floats typically report the time when they reach the surface, as identified by the float internal clock. If the clock is correct with no internal drift, this time can serve as an accurate measure of the time when top of profile measurements are collected. For this analysis, daytime (ascending) profile end times (identified as JULD_ASCENT_END) are used, subject to a constraint that they should not differ from dates reported in the profile files by more than a couple of hours. This strategy differs from the method proposed by Park et al. [2005] , who used the statistics of the full float trajectories to estimate surface arrival times, since different national programs have reported the detailed timing data slightly differently.
[47] Provor floats with ARGOS antennas. Provor floats report their profile time (either as JULD in the profile file or as JULD_ASCENT_END, which is reported in the trajectory file and therefore is sometimes indexed inconsistently with the profile information.) As with APEX floats, the reported profile time variables are used when available with a check to ensure sure that they are within half a day of the time at the surface when a latitude/longitude fix is first obtained (JULD_LOCATION) and that the ascent time does not differ by more than half a day from the profile time. When a specific time of the profile variable is not available, the JULD of the profile is used instead. No adjustments are made for the duration of time that the float spends at the surface.
[48] NINJA floats. JULD_ASCENT_END is used for NINJA floats.
[49] NEMO floats. The Julian date of the profile (JULD) is used for NEMO floats.
[50] SOLO and PALACE floats. SOLO floats (and their precursor PALACE floats) do not report a time of arrival at the surface, and the dates reported for each profile correspond to the first time of successful satellite transmission after the float reaches the surface. Depending on satellite coverage, these times can sometimes differ by several hours from the time of the float profile. SOLO floats spend a preprogrammed, fixed increment of time at the ocean surface. The total tracked time at the surface is computed as the difference between the times of the first and last data transmissions. Then the untracked time is the difference between the surface time and the tracked time. This untracked time is allocated equally before and after the tracked time in order to estimate a corrected surfacing time.
[51] Profile times are thought to be accurate to about AE1 h, and float data are not used if different time estimation methods differ by more than 72 min (0.05 days).
